This paper describes the estimation method of the spatial distribution of magnetic field induction and electric field intensity produced by a relativistic beam of charged particles. The described method is applied to estimation of this field distribution in surroundings of proton bunches which are accelerated inside the Large Hadron Collider (LHC). It is demonstrated that such bunches generate pulsed high magnetic fields with induction from a few dozen to a few hundred T within the space of a few cm. The fields are relevant to the successful application of research of materials properties in time intervals in the order of fs, which have not been available until now. We additionally present a design for a special chamber allowing easy introduction of samples into the accelerator, remote measurement and data acquisition.
Introduction
Highly pulsed magnetic fields have many important applications in scientific research and modern technology. Generation of these fields is most often achieved by use of coils supplied with high intensity electric current [1] [2] [3] . Unfortunately, this method has several deficiencies which limit the upper values of magnetic induction and time duration of these pulses. The most important limitation is the result of the relatively high electric resistivity and limited mechanical strength of coil material as well as its temperature increases. It is for these reasons that during the generation of magnetic fields exceeding magnitudes of 200-300 T, the coil is effectively destroyed. Problems arise additionally from the inductivity of the coil, its connecting conductors and capacitor banks, all of which limit the pulse rise time. The strongest pulsed magnetic fields with magnitude of 800-1000 T induction are generated using the magnetic flux compression method. Unfortunately, this method does require the application of large quantities of high-explosive materials, which leads to the inevitable destruction of a large part of the experimental device [4, 5] .
An original and promising approach to generate high pulsed magnetic fields is the application of particle beams from an accelerator. The first experiments of such type were described by H. C. Siegman and co-researchers [6] [7] [8] . The authors of the cited articles focused on revealing the experimental interaction between an electron beam and a magnetized sample. Relativistic electron beams generated by the 50 GeV energy Linear Stanford Accelerator were used in these experiments. The accelerator beam was passed through the sample causing its damage. Therefore, the research method used was a destructive one. Moreover, the cited works provided only an estimated value of the magnetic field induction to which the sample was subjected while the electric field was not taken into account in spite of its apparent presence. Ampere's law, which may be applied to non-relativistic particles only, was used for the purposes of magnetic induction calculations.
In this paper we show a proprietary method of calculating the spatial distribution of the magnetic field induction, which is generated by a relativistic particle beam coming from an accelerator. The method is universal because it uses the Lorentz transformation. Moreover, we additionally calculate the spatial distribution of the electric field intensity. We analyse both fields outside the particle beam, and therefore it is possible to conduct non-destructive research. The developed method has been applied to calculations of fields, which are generated by the proton beam accelerated in the LHC. In the final part of the article we have described the design for a special chamber which may be installed next to the accelerator beam tube. The chamber allows for the remote controlled exchange of the examined samples as well as the transfer of the measurement results. Construction of such a chamber would facilitate wide applications of accelerator particle beams in materials research. The proposed method would permit the use of high and ultra-short pulsed magnetic fields, in up to now unprecedented time intervals.
Calculation method
At the beginning we estimated the spatial field distribution within the coordinate system connected with a charged particle bunch in motion. Only an electric field exists within this coordinate system because the particles are not moving with regard to the system. The particle beam consists of separated bunches which have an axial symmetry. For purposes of calculations we assumed a rectangular 0xy coordinate system moving together with the bunch. Because of the bunch's axial symmetry, we may initially analyse the distribution in two dimensions. We assign the 0x axis of the coordinate system to be parallel to the bunch axis and direction of movement, Fig. 1 . Fig. 1 : Frame of reference connected with the particle bunch accepted for calculations; 01 -the centre of the bunch, 0 -the point chosen for calculations of the field intensity, n(x) -linear particles density, l/2 -half length of the bunch, dq -the charge element, dEx, dEy, dE -elements of electric field intensity respectively: longitudinal, transversal and the resultant, r0 -the distance of the point of calculations from the beam (also bunch) axis, x0 -translation of the calculation point due to the centre of the bunch calculated in the bunch frame of reference.
Axis 0y will then have a radial direction and one which is perpendicular to the direction of the movement. Each bunch has a length of l while the charge density in the bunch is described by the Gauss distribution as having a maximum in the centre [9] [10] [11] . The transversal dimensions of the bunch are measured in tens of µm. The examined sample will be placed at a distance of r 0 from the bunch axis amounting to several mm. It means that transversal dimensions of the bunch are considerably less than r 0 . We may in this situation omit the change of charge density in the radial direction and assume for the calculations a one-dimensional normal distribution. The linear charge density ρ(x 1 ) is for this distribution a function of the distance x 1 = x + x 0 from the centre of the bunch 0 1 and is expressed by the formula:
where: n 1 represents the number of all charges within the bunch, σ x is the standard deviation for a normal distribution while the symbol e represents an elementary charge.
As mentioned earlier, the coordinate system connected with the bunch includes only an electrical field. The element of the electric field vector dE, generated by the charge element of the bunch dq = ρ(x 1 ) · dx at the point 0, which is at the distance r from the centre of the element, is expressed by the well-known in electrostatics formula [12] .
Field components dE x , dE y , are respectively directed along the 0x and 0y axes and are expressed by the formulas:
After substitution of both formulas (1) and (2) respectively into formulas (3) and (4), the following formulas for calculated components dE x , dE y at point 0 are obtained:
(r 2 0 + x 2 ) 3/2 dx. The complete components of the electrical field intensity E x , E y at point 0 are calculated by integrating expressions (5) and (6) after the entire length l of the given bunch. These integrals are expressed by means of the following formulas:
(r 2 0 + x 2 ) 3/2 dx. Further we designate the spatial distribution of the magnetic and electric fields within the coordinate system 0x y z with the analysed sample at rest. The axes of this system are directed in parallel to the appropriate axes of the previously accepted 0xy system, which is associated with the bunch. It is for this purpose that the Lorentz transformation should be applied to the calculated E x , E y components. This transformation is expressed by means of the following general formulas [13] :
All quantities as part of the formulas bearing the "prim" designation refer to the system associated with the sample. In accordance with this B x , B y , B z indicate the components of the magnetic field induction vector within the sample's system while B x , B y , B z represent the magnetic field induction vector components within the reference system of the bunch. Symbols c, β and γ represent respectively: speed of light in a vacuum, ratio of the particle velocity v to the speed of light in a vacuum (β = v/c) as well as so-called Lorentz factor as expressed by the formula
In accordance with earlier obtained results, the reference system of the bunch includes only two electric field components E x , E y = 0. Therefore, after the application of the Lorentz transformation we obtain as a result of the formulas (9), (10) the following:
Formulas (7), (8) as well as (12) and (13) have been used for calculating the electric field intensity components as well as the magnetic induction within the sample reference system. For simplification purposes, the B z magnetic field induction component will be referred to henceforth in this article as B.
Calculations results
For calculations were used data which are collected in Table 1 that was elaborated on the ground of parameters available in literature, describing the proton beam in the LHC [14] . Moreover, the standard deviation of the Gauss distribution σ x = 0.2690 · (l/2) was accepted. It means that outside of an "l" long section the linear charge density is less than 0.1% of the maximum density in the middle of the bunch and it is the value, which we may omit. The spatial distributions of the components of E y , E x electric field intensity are shown in Figs. 2, 3 .
The spatial distribution of B magnetic field induction was shown in Fig. 4 . For better estimation of usefulness of those fields for research, in Figs. 5-7 were given dependencies of components of E x , E y electric field intensity B and magnetic the bunch axis is motivated by the practical attitude because it is possible to place an examined sample, approximately 1 mm in size, at this particular distance.
Discussion of results
The obtained results show that the maximal values of the B magnetic field induction are at the transversal plane of symmetry of the bunch for which x 0 = 0 (Figs. 4, We assume that dimensions of examined samples will be approximately 1 mm and such samples are going to be placed at the distance of r 0 = 1 mm or larger from the bunch axis. For accepted assumption we see in Fig. 7 that the upper limit of the magnetic field induction helpful in research of the samples at millimetre scale is about 160 T. This value decreases with the distance from the bunch axis. As shown in Fig. 7 , at the distance r 0 = 5 mm from the bunch axis the value is equal to 60 T. Those magnetic induction values are comparable to field inductions generated by the coils [1, 2] . For comparison, we inform that at the distance r 0 = 50 mm from the bunch axis (the distance equal to the radius of the accelerator tube) magnetic field induction decreases to 6 T.
If the sample is placed further from the bunch axis then the maximal field induction value will be less but more homogenous. For the purpose of better quantitative estimation of magnetic field inhomogeneity we consider a cubic sample with a side length of 1 mm. Let the centre of the sample be r 0 at the distance from the bunch axis and its side be parallel to r 0 direction. Magnetic field inhomogeneity at the sample area will be defined by the formula
where B k , B 0 mean the magnetic field induction respectively: at the centre and at the edge of the sample. For the mentioned value of r 0 = 5 mm, the magnetic field induction at the sample centre is B 0 = 60 T but for a distance of r 0 = 10 mm the induction at the centre of the sample decreases to B 0 = 35 T. It is easy to calculate, using formula (14) and Fig. 5 , that in the first case k < 9% but in the second case k < 7%. We encounter a comparable magnetic field inhomogeneity in the sample in the case of magnetic fields generated by coils. Therefore, this inhomogeneity is not a distinctive feature of fields generated by the particle bunch and it is not a fundamental obstacle in conducting such a research. The radius of the tube in which the bunch moves is 5 cm and it is for this a reason that maximal volume of the sample could be no more than a few cm 3 [14] . Because of the magnetic field inhomogeneity in such a large sample, its optimal volume should be limited to tens of mm 3 . It is not a serious limitation too, because we know of cases of research in high magnetic fields samples even of several µm 3 [15] . The research of small-sized samples is consistent with a current need of miniaturization in electronics and nanotechnology.
A sample placed nearly to the bunch will also be subjected to the effect of an electric field pulse with E x , E y components (Figs. 2, 3, 6, 7 and 9, 10) . The E x component has a maximum and minimum which are equal in value and have opposite signs (Fig. 3) . Moreover, E x = 0 at the plane of the bunch symmetry (Fig. 6) . Therefore, we may say that E x is an antisymmetric function of x 0 . The spatial distribution of the E y component is similar to the spatial distribution of the B magnetic field induction due to the Lorentz transformation (see formula 13) where B and E y values are directly proportional. An action of the electric field pulse on a sample appears also in the case of magnetic field pulses generated in the usual way with coils or magnetic flux compression. We observe the electric field because, in accordance with Faraday's induction law, variable magnetic field generates the variable electric field.
Screens made of conducting materials provides a simple protection from such a field. Such protection of the measuring devices and samples is practiced in the case of pulsed magnetic fields which are generated in conventional ways. The difference is that the conductor with a current (coil) is electrically neutral and does not generate an electric field but a moving particle bunch does generate one. Hence, the electric field does not constitute any obstacle in research.
Particle bunches have a velocity very close to the speed of light. Therefore, we call them ultra-relativistic particles. It is for this reason that we may not use Ampere's law for calculations of the magnetic field induction generated by the particles. This law may be applied to the calculations of the magnetic field which is generated by the particles moving with small velocities in comparison with the speed of light in a vacuum (v c). Then, according to the (11) formula the Lorentz factor γ ≈1 and the last formula (13) after the conversions gives a "classic" formula which is applied in technical calculations for magnetic field induction around a straight wire with a current. From (12) and (13) formulas it follows that failure in taking into account the factor γ yields lower values for B magnetic field induction and E y electric field intensity in the sample frame of reference. Moreover, for relativistic particles a Lorentz contraction occurs for the spatial distribution of electric field, which is observed in the sample frame of reference. The distribution takes shape of disc, which is very flattened in the direction of particle bunch movement. The Lorentz contraction of the bunch makes it possible to generate unusually short magnetic field pulses which last approximately 4 fs.
Project of a chamber
Interior of the accelerator tube is a high vacuum environment with very significant volume while its exterior is subject to atmospheric air pressure. Direct introduction of an examined sample into the tube could be very inconvenient due to the loss of a vacuum and subsequent need for the tube to be purged of air. It would be a time-consuming and labour-intensive procedure. Moreover, during operation of the accelerator, synchrotron radiation is generated which in turn causes material activation within direct surroundings of the tube. As the result, secondary radiation is additionally emitted also after the beam is switched off. To decrease the intensity of this radiation to a secure level, it is necessary to wait for an appropriately long time. Entering the accelerator tunnel during this time is either impossible or requires special protection.
In order to eliminate the described complications, a special chamber for the remote control of exchanging of samples has been designed. A diagram of such a chamber is illustrated in Fig. 11 . Fig. 11 : Scheme of the chamber for remote control exchange of the samples; 1 -particle beam, 2 -accelerator tube, 3 -sample chamber, 4 -window, 5 -inner cover, 6 -propulsion of the inner cover, 7 -connectors supplying cover propulsion, 8 -examined sample, 9 -the examined sample arm, 10 -rotary head with stepper motor, 11 -wires powering the stepper motor, 12 -sample waiting for an exam, 13 -arm of the waiting sample, 14 -switches for collecting measured signals, 15 -wiring connecting the measured signals, 16 -outer cover, 17 -pipe connecting the chamber with the vacuum pump, 18 -valve.
The chamber (3) is located directly adjacent to the accelerator tube (2) . From the side accelerator tube, the chamber has a well-sealed inside cover (5), which is remotely controlled by a motor (6). The cover can open or close the window (4) in the accelerator tube (2) . The chamber contains a rotary head (10), driven by a remote controlled stepper motor. The head is equipped with several radially distributed arms (9, 13) . Samples (8, 12) are located at the end of each arm. One of the samples (8) is being examined at the moment while the rest of the samples is awaiting testing. The surface of the head includes switches which are contacted by fixed brushes (14) . The switches are connected to wires (15), leading to the samples. Conductors and brushes are assigned to collect signals produced during the examination such as the magneto-resistivity. Moreover, the chamber is equipped with a hermetic outer cover (16), located opposite the rotary head, and pipe (17) with the valve (18) which is connected to a vacuum pump.
The principle of the chamber's operation is fairly uncomplicated. The outer cover (16) is open during the accelerator's off-time. It is possible at such time to place samples designated for examination on the arms of the rotary head (10). The inner cover (5) is closed then and the accelerator pipe is again brought into a state of vacuum. When the samples are placed, the outer cover is closed. Next, the chamber is purged of air to establish a vacuum as inside the accelerator tube and valve (18) is closed. After the accelerator begins operating, the inner cover (5) is moved and window (4) is opened. The sample (8) located on the turning head (10) is entered into the accelerator tube (2) through the window (4). Opening the cover and the head rotation are remotely controlled. The length of the arm (9) makes it possible to place the chosen sample (8) at the required distance from the bunch axis. (In a more advanced model of the chamber design, this distance can be varied by remote control during the measurements using, for example, telescopic arms.) After finishing the examination of the chosen sample, the head (10) is turned in order to introduce the next sample into the accelerator tube. After completion of all the sample tests, the inner cover (5) is opened and the air pressure is increased to match the ambient pressure. At this time, the chamber is ready for the opening of the outer cover (16) and exchanging of all samples.
Conclusions
An application of the accelerator beam for generation of high, pulsed magnetic fields eliminates many problems relevant to coil warming, tensions and damage. Using the non-destructive method makes it possible to obtain repeatable pulsed magnetic fields. A crucial advantage of using the particle beam is the low cost involved. In the case of research using this method, it is not necessary to bear costs connected with the building of the field source because the accelerator already exists for other purposes. The research into the magnetic field generated by the beam from an accelerator could be a new "added value" for this device. It is not necessary to pay for electrical energy because it is an element of regular accelerator activity operating costs. It is worthwhile to consider the possibility of installing the suggested experimental chamber during the construction of newly-designed accelerators or during modernization or maintenance down-time of existing accelerators. Because magnetic fields generated by particle bunches from accelerators have unique parameters unachievable by other methods, they open up a new field of exploration and we may expect significant discoveries as its direct result. They allow us to research very quick processes of remagnetisation. An application of those processes could allow development of magnetic materials useful in building data storage discs with very rapid recording times as well as very quick access to the stored data.
